Thermal Stability, Mitochondrial A denosinetriphosphatase Inhibitor Protein, F0Fi -ATPase Complex A complete inactivation is observed after a 3 min pre-incubation at 70 °C with m ito chondrial F0Fj -ATPase complex depleted of the ATPase natural inhibitor protein (ammonium-Sephadex submitochondrial particles) and activated MgATP-submitochondrial par ticles (particles that after a 4 h-pre-incubation at 42 °C released the endogenous inhibitor protein). However, latent MgATP-submitochondrial particles (particles containing the inhibi tor protein) pre-incubated under the same conditions are totally inactivated only after 15 min of pre-incubation. When ammonium-Sephadex particles are reconstituted with 20 ^g/ml of purified ATPase inhibitor protein there is an increase of 15-fold in the half-time for th er mal inactivation (fo.s), showing that the inhibitor protein protects the mitochondrial F0Fi-ATPase complex against thermal inactivation.
Introduction
The question of why proteins are stable is of fundam ental im portance in biochemistry. It is central to understanding the relationship between amino acid sequence and three-dimensional struc ture, and ultimately in the prediction of a protein's structure from its sequence (Klibanov, 1983 ; Tan ner et a l, 1996). Thermal inactivation of enzymes is caused by tem perature-induced conformational transitions in the protein molecule (Klibanov, 1983; Zaks and Klibanov, 1984; Ahern and Kliba nov, 1985; Somero, 1995; Tanner et a l, 1996) . At elevated tem peratures, cooperative intramolecular motions occur until a tem perature is reached where noncovalent forces that maintain the native structure of the protein can no longer prevail against the increase in entropy (Klibanov, 1983; Zaks and Klibanov, 1984; A hern and Klibanov, 1985; Somero, 1995; Tanner et a l, 1996) . As a re sult, the protein loses most of its ordered second ary and tertiary structures, so the protein is dena tured. When a protein unfolds, hydrophobic regions that were located in the interior become exposed to the solvent, a situation that is therm o dynamically unfavorable (Klibanov, 1983) . The thermal stability of a protein can be changed in trinsically by alteration of amino acids or extrinsically by the additions of suitable stabilizing effec tors, eg., osmolytes, coenzymes, membranes and peptides (Argos et a l, 1979; Timasheff, 1992; SolaPenna and M eyer-Fernandes, 1994; Somero, 1995) . The ATP synthase complex (H +-ATPase, F jF 0-ATPase) of submitocondrial particles from bovine heart catalyzes the synthesis of ATP coupled to an electrochemical gradient of H + as well the re versed reaction, hydrolysis of ATP. The enzyme is composed of a H + conducting F0 sector that per mits the transport of protons generated by the re spiratory chain to the soluble factor F] (Amzel and Pedersen, 1983; Hatefi, 1985; Senior, 1988; Boyer, 1993) . The Fj sector is extramembranous, water soluble in isolated form, and is composed of five types of subunits in a stoichiometry a 3ß3YÖe (Hek-0939-5075/97/0700-0459 $ 06.00 © 1997 Verlag der Zeitschrift für Naturforschung. All rights reserved. , 1994; Walker, 1994; Belogrudov et al., 1995) .
The mitochondrial ATPase inhibitor protein (IF]), first discovered and isolated from bovine heart m itochondria by Pullman and Monroy (1963) , is a water-soluble, acid-and heat-stable, trypsin-sensitive protein with a low molecular weight (10 kDa) (Asami et al., 1970; Galante etal., 1981; Frangione et al., 1981; Schwerzmann and Pedersen, 1986) . Similar inhibitor proteins have been isolated from rat liver m itochondria (Cintron and Pedersen, 1979) , chloroplasts (Nelson et al., 1972) , Candida utilis (Satre et al., 1975) , and Escherichia coli (Nieuwenhuis et al., 1974) . It has been suggested that the ATPase inhibitor protein might be a physiological regulator of ATPase ac tivity, that plays an active role in the mechanism of energy conservation in m itochondria by pre venting the hydrolysis of newly synthesized ATP (Amzel and Pedersen, 1983; Tuena de Gömes-Puyou et al., 1983; Schwerzmann and Pedersen, 1986) . IF! also protects against cold inactivation of soluble Fj ATPase (H orstm an and Racker, 1970), but it has not been established its role in increas ing the thermal stability when it is bound to the Fi-ATPase complex.
In this work, we study the role of the ATPase inhibitor protein as a therm al stabilizer of the mitochondrial F j-ATPase complex, using prepara tions of submitochondrial particles with or without inhibitor protein.
M aterial and M ethods

Biological preparations
M itochondria were isolated from fresh bovine heart according to the procedure of Low and Vallin (1963) . "Heavy" mitochondria stored at -7 0 °C were used for the preparation of MgATP-and ammonium-Sephadex subm itochondrial particles. MgATP-submitochondrial particles were prepared as described by Ernster et al. (1979) , by sonication in the presence of 6 mM ATP, 6 mM M gS 04 and 250 mM sucrose, at pH 7.4. Ammonium-Sephadex submitochondrial particles (particles depleted of the endogenous inhibitor protein) were prepared as described by Horstman and Racker (1970) , by sonication in the presence of 2 mM EDTA and 250 mM sucrose, at pH 9.2. The ATPase inhibitor pro tein was removed by passing submitochondrial particles through a column (35x2.5 cm), contain ing Sephadex G-50 medium gel, equilibrated with pH 8.0 elution buffer containing 30 m M Tris-S04, 2 m M EDTA, 250 mM KC1 and 75 mM sucrose, at 30 °C. MgATP-and ammonium-Sephadex submitochondrial particles were stored in liquid nitrogen until use. ATPase inhibitor protein was isolated and purified from bovine heart mitochondria as described by Horstman and Racker (1970) , using alkaline extraction, fractionation with ammonium sulfate, precipitation with trichloroacetic acid, p re cipitation with ethanol and heat treatm ent.
Activation o f M gATP subm itochondrial particles
The ATPase activity of the MgATP-submitochondrial particles is low (0.5-1.2 (imol Pi • m in-1 • m g-1), but it can be increased by pre-incubation of these latent particles at tem peratures ranging from 16 to 43 °C, at high ionic strength or at alka line pH (Beltran et al., 1986) . A fter activation at 42 °C in pH 8.0 activation buffer containing 25 mM Tris-acetate, 250 mM sucrose and 30 m M potassium acetate, during 4 h, their hydrolytic activity was 5.0-7.0 ^mol Pi m in-1 -mg-1, at 30 °C.
Reconstitution o f Am m onium -Sephadex particles with purified ATPase inhibitor protein
The productive binding of the ATPase inhibitor protein to the Fj -ATPase complex requires several m inutes' incubation in a slightly acid medium, in the presence of MgATP (Schwerzmann and Ped ersen, 1986) . Ammonium-Sephadex submitochondrial particles (1 mg/ml) were reconstituted with different amounts of purified ATPase inhibitor protein (1, 5, 10 or 20 fig/ml) in the presence of 10 m M Mes-Tris buffer at pH 6.5. The particles were incubated with the inhibitor protein at 30 °C for 15 min in the presence of 3 mM MgATP and then placed in an ice-bath to stop the reconstitution.
ATPase activity assay
The ATPase activity of MgATP-and am m o nium-Sephadex submitochondrial particles was determ ined according to Vercesi et al. (1990) , by measuring the release of Pi from [y-32P]ATP (spe cific activity about 104 Bq/nmol ATP). The reac tion medium contained 65 mM Tris-maleate, pH 7.5, 5 m M ATP, 10 m M MgCl2, 20 mM KC1, 0.2 mM EGTA, 1 fiM FCCP, 10 jig/ml MgATP-submitochondrial particles or 10 jig/ml AS-particles, in a total volume of 0.5 ml. The ATPase activity was assayed at 30 °C. The reaction was started by the addition of 10 m M MgCl2 after 5 min pre-incubation of the particles in the reaction medium and it was stopped after 5 min of hydrolysis, by adding 1 ml of activated charcoal (25 g % charcoal in 0.1 n HC1). The tubes were centrifuged at 1500 rpm for 20 min at 4 °C and then 0.4 ml of the clear super natant was dried on filter paper and counted in a scintillation counter.
Protein concentrations
C oncentrations of MgATP-and ammoniumSephadex subm itochondrial particles were deter mined using the Folin phenol reagent (Lowry et al., 1951) , and bovine serum albumin as standard. Concentration of the ATPase inhibitor protein was determ ined by the method of Bradford (1976) , using Coomassie Blue.
Reagents
All reagents were purchased from Sigma Chem ical Co., St. Louis, MO. [y-32P]ATP was prepared as described by Glynn and Chappel (1964) .
Results
Reconstitution o f A S -subm itochondrial particles with purified ATPase inhibitor protein
Incubation of am monium-Sephadex submitochondrial particles with different concentrations of inhibitor protein in the presence of MgATP led to a progressive inhibition of ATPase activity. Maximal inhibition (about 80%) was observed with 5 -2 0 jig/ml of the inhibitor protein (Fig. 1A) . This inhibition was reversible, since these particles reconstituted with the inhibitor protein were acti vated in the same way as latent MgATP-submitochondrial particles, when pre-incubated at 42 °C for 4 h (Fig. IB) . This activation process must be related to release of the inhibitor protein, since no activation could be seen with AS-particles (de pleted of inhibitor protein) under the same condi tions (O) (Fig. IB) .
Inhibitor Protein (jag/ml) Preincubation Time (h)
Fig. 1. Inhibition of AS-particles (A) and activation of MgATP-particles, AS-particles and inhibited AS-particles (B). (A ) AS-particles
(1 mg/ml) were reconstituted with inhibitor protein at the concentrations indicated on the abscissa, as described in Methods (100% maximal activity = 5.2 jimol P im g -1 m in-1). (B) MgATP-particles (0.5 mg/ml) ( • ) , AS-particles (0.5 mg/ml) (O) and AS-particles reconstituted with 20 j-ig/ml of inhibitor protein (V) were preincubated at 42 °C for the times indicated on the abscissa in pH 8.0 activation buffer 25 mM Tris-acetate, 250 m M sucrose and 30 m M potassium acetate. A fter each interval an aliquot of 10 jxl was withdrawn to assay ATPase activity, as described in M ethods (n = 4).
Time course o f thermal inactivation o f subm itochondrial particles in the presence and absence o f inhibitor protein
Activated MgATP-(V) and AS-submitochondrial particles (O) were almost totally inactivated by a 2 min pre-incubation at 70 °C, while latent MgATP-particles ( • ) still preserved more than 80% of ATPase activity (Fig. 2A) . The latent par ticles exhibited a slight activation (about 25%) in the first 40 sec of pre-incubation, possibly reflect ing release of the inhibitor protein during the first few seconds at 70 °C. The different sensitivities of AS-and activated MgATP-particles to this tem perature in comparison with latent MgATP-particles, suggest that the presence of the inhibitor protein in the latent particles might protect them against thermal inactivation ( Fig. 2A) .
In Fig. 2B , AS-particles reconstituted with increasing amounts of inhibitor protein showed a progressive increase in therm al stability. Particles reconstituted with 20 |!g/ml inhibitor protein (▼) retained more than 70% of their activity after 5 min at 70 °C, while particles depleted of inhibitor protein (O) were completely inactivated under the same conditions. Table I shows the half times (r0 5) for therm al inactivation of particles containing or lacking in hibitor protein. Latent MgATP-particles showed a 4.7-fold increase in t05 for tem perature inactiva tion compared with AS-particles; particles recon stituted with 20 [ig/ml of the inhibitor protein ex hibited a 15-fold increase in t0 5. 
Discussion
We have shown here that the ATPase inhibitor protein can confer thermal stability on the m ito chondrial FoF^ATPase complex: AS-and acti vated MgATP-particles were more sensitive to high tem perature than particles containing the in hibitor protein. It was also observed that latent MgATP-particles showed a slight activation at the first 40 sec of pre-incubation at 70 °C. We believe that this activation must be due to release of the inhibitor protein, so that after its release the com plex started to inactivate. Various investigators (Horstm an and Racker, 1970; Schwerzmann and Pedersen, 1986) described that the inhibitor pro tein was able to inhibit AS-particles even after several minutes' incubation at high tem peratures, showing that the inhibitor protein itself is a heatstable protein. The inhibitor protein at the same time that is able to prevent the hydrolysis of newly synthesized ATP (Fig. 1A) , is also able to increase the thermal stability of the enzyme (Fig. 2 , Ta ble I). We infer that it helps to preserve the struc ture of F] -ATPase. Early works suggested that the IF] could be a natural regulator of ATPase activity in mitochondria (Asami et al., 1970; Tuena de Gömes-Puyou et al., 1983) . From physiological point of view, the need for tight control of hydroly sis reinforces the role of IF, on unidirectional cata lytic cycle. The recent published structure of F, (Abraham s et al., 1994) suggests that the site of binding of inhibitor protein is in the ß-subunit (se quence ß 394-400-DELSEED), a site that would also bind amphipatic cationic inhibitors (A bra hams et al., 1994). More importantly, this site would form a "catch" of interaction with the ysubunit, that might be im portant for the rotation of the a3ß3 relative to the y-subunit that permit interconversion of states (Abraham s et al., 1994; Walker, 1994) . IF] also protects against cold inactivation of sol uble F r ATPase (Horstman and Racker, 1970) . The structures of the cold and heat denatured states of some proteins, are thermodynamically and conformationally equivalent (Privalov, 1990; Huang and Oas, 1996) . Low and high tem perature favor the substitution of protein-protein interac tions by protein-w ater interactions, and this is true for inter as well as intraprotein interactions (Priva lov, 1990; Silva and Weber, 1993; Huang and Oas, 1996) . Some reports (Back et al., 1979; Klibanov, 1983; Timasheff, 1992; Meyer-Fernandes, 1994, 1996) have described the role of w ater in the maintenance of noncovalent interac tions in the enzymes. It has been reported that sol uble mitochondrial F, -ATPase (Garza-Ramos et al., 1989) and MgATP-submitochondrial particles (Garza-Ram os et al., 1990), in a system containing toluene and phospholipids, catalyze the hydrolysis of ATP at a rate that depends on the concentra tion of water. It has been proposed that the en hancem ent of catalytic rates by water is due to a higher conform ational mobility of the protein, the same factor that causes a decrease in the thermal stability of the enzyme (Garza-Ramos et al., 1989, 1990) . The therm al protection conferred by the mitochondrial ATPase inhibitor protein (Fig. 2 , Table I ) probably involves a different mechanism, since it binds to a specific region (the ß-subunit) of the F r ATPase (Frangione et al., 1981; Schwerzmann and Pedersen, 1986; Abraham s et al., 1994; Walker, 1994) . The fact that the enzyme loses its hydrolytic activity suggests that the inhibitor pro tein may induce interactions among the subunits that lead to a low mobility state of the enzyme, increasing its therm al stability. It was recently shown that the minimal inhibitory sequence of the inhibitor protein consists of residues 14-47 (van Raaij et al., 1996) . W hether this minimal inhibitory sequence is also involved in the increase of the therm al protection conferred by the mitochondrial ATPase inhibitor protein remains to be elucidated.
